In this paper we investigated the interaction between a graphene nanoflake anchored to the 2D graphene monolayer. This interaction is attractive but weak and is capable of setting a well defined registry in equilibrium. Rotational and linear displacements from equilibrium registry generate restoring forces, which can be controlled by external agents. Similar flakes can be self-assembled and can also execute simple harmonic motion as if a physical pendulum. Oscillation of a nanoflake about their equilibrium registries resulting in a characteristic libration frequency is predicted. This frequency depends on the size and geometry of the flake. Moreover, the libration frequency, as well as the electronic and magnetic properties of the flake+monolayer systems, can be tuned by a foreign molecule anchored to the flake, by electric charging and applied parallel and perpendicular electric and magnetic fields. When the sliding of the flake is combined with rotation, the friction force can be reduced dramatically. It is surprising that weak interaction can offer such features at nanoscale, which may offer potential applications. Our predictions are obtained by first-principles calculations based on density functional theory.
I. INTRODUCTION
The interaction between molecules or nanoflakes anchored on the monolayer (ML) structures, such as graphene, h-BN, h-MoS 2 , etc. or their thin films, is weak and has predominantly van der Waals and partly chemical character [1] . Since molecular NEMs and nanomechanical devices have shown potential applications in future technologies [2] [3] [4] , the rotational and translational dynamics of these nanoflakes, in particular graphene flakes ("nano" will be omitted in the rest of the text) and molecules have been brought into focus [2, [5] [6] [7] [8] [9] . Like an atom switch [10] , these single molecules have been shown to execute controlled rotation or translation through the electrical bias exerted by the tip of a scanning tunneling microscope [3, 4, 11, 12] . Additionally, the configurations of the molecules, as well as their dynamics on the monolayer structures, have been imaged clearly by STM [13] [14] [15] [16] .
Even if molecules or flakes anchored on 2D ML structures can maintain a well-defined registry in their equilibrium state, it may be rather easy to rotate or slide them relative to each other, since the energy barrier to rotation Q R or translation Q T between two adjacent equilibrium configurations is small. As a matter of fact, their finite angle rotation around their equilibrium configurations, which are excited thermally or by other means, have been observed recently [15, 16] . The electrical conductivity between two adjacent flakes has been tuned through their relative, finite angle rotation [17] .
Even though an adiabatic translation is presumably dissipationless, the stick-slip motion [18] [19] [20] [21] results in a minute energy dissipation and hence small friction coefficient in the sliding of the flake on the monolayer owing to smoothly * ethem.akturk@adu.edu.tr † ciraci@fen.bilkent.edu.tr varying interaction energy with the small energy barrier involved in the relative translational motion. For this purpose, coating of metal surfaces with graphene is also considered to reduce the sliding friction between them and hence to attain a nearly frictionless sliding regime [22] [23] [24] [25] . In addition, owing to the weak interlayer interaction, layered materials were able to be exfoliated by chemical methods [26] , laser ablation [27] , and by direct charging [28] .
Beyond NEMs and nanomechanical devices, the dynamics of a molecule on surfaces of substrates, in particular the coupling of their vibrational and libration modes with the electronic states via charging, the thermal and photoexcitation brought about new insights to fundamental features [29] [30] [31] [32] . Also extraordinary properties of graphene flakes of diameter ∼10-15Å attained due to quantum confinement of their electrons in small size are attracting interest for applications in sensors, catalysis, supercapacitors, bioimaging, luminescence, and spintronic devices [33] [34] [35] [36] [37] .
In this paper, we studied the rotational and translational dynamics of a particular flake on a graphene monolayer. Our objective is to reveal the critical parameters of motion in order to control the dynamics for possible future applications.The attractive interaction between the graphene flake and monolayer (or graphite surface) is size and geometry specific, since it can be modified through the minute chemical interactions at the edge of the flake. The flake becomes bound to the monolayer at a specific equilibrium registry and hence similar flakes may display self-assembly features [38] . We showed that the rotation of a flake around its equilibrium registry gives rise to a periodic variation of interaction energy with a small energy barrier and hence oscillatory variation of torque. Small angular displacement of the flake leads to a harmonic variation of interaction energy and hence to a linear restoring torque. Our work predicts that a whole molecule or flake may function as if a physical pendulum, performing a simple harmonic motion (SHM) with shape and size specific libration frequency, in addition to the vibrations of its atoms. Furthermore, we found that this frequency can be monitored by charging of the flake and by perpendicular electric field. Attachment of any molecule to the nanoflake results in a shift of characteristic frequency. Flakes with specific edge geometry or hydrogen decoration [39] [40] [41] can also attain permanent electric and magnetic dipole moment. Hence, patterned flakes can engage in forced oscillations with applied electric or magnetic fields, and their electronic and magnetic properties can be tuned also by the electromagnetic waves exiting vibrations. While the energy barrier to the translation of the flake is small, it can be reduced further when the sliding is combined with rotation. This way the friction force can be reduced dramatically.
Briefly, our work presents an analysis of the interaction energy together with forces originating thereof and demonstrates how these forces can be influenced and tuned by external fields, excess charge and mass, configurational changes to exploit them in various chemical application. While our results are obtained from the calculations on a prototype flake, the underlying physics on the nature of interaction, which is unveiled in the present study, will be critical for the understanding of the dynamics of graphene flakes of different size and geometry.
II. COMPUTATIONAL METHODOLOGY
The above predictions regarding the rotational and translational dynamics of the flake on graphene ML are obtained from first-principles pseudopotential calculations based on the spin-polarized density functional theory (DFT) within the generalized gradient approximation including van der Waals (vdW) corrections at DFT-D2 level [42] , which was found suitable for layered structures in earlier tests [43] . We used projector-augmented wave potentials [44] and the exchange correlation was approximated with the PerdewBurke-Ernzerhof (PBE) functional [45] . The vacuum spacing between adjacent flake+graphene systems is taken to be 20Å to minimize their coupling. While optimizing atomic positions using the conjugate gradient method (CG), the energy convergence value between two consecutive steps was chosen as 10 −5 eV. A maximum force of 0.01 eV/Å was allowed on each atom. Calculations were carried out using the VASP software [46] . The Brillouin zone (BZ) corresponding to the primitive unit cell was sampled by a grid of (7 × 7 × 1) k points [47] . Kinetic energy cutoffh 2 |k + G| 2 /2m for the plane-wave basis set is taken as 550 eV. The k-points sampling, kinetic energy cutoff, and the vacuum spacing are determined according to extensive convergence tests. A Gaussian type smearing method is used with a smearing width of 0.01 eV. High temperature ab initio molecular dynamics (MD) calculations are performed using Verlet algorithm, where Newton's equations are integrated with time steps of 2 fs.
III. FLAKE-GRAPHENE INTERACTION
In this section we will discuss the interaction energy between the graphene flake and 2D graphene ML based on the calculation of self-consistent field total energy of optimized structures. This interaction energy plays a principal role in the rotational and translational dynamics of the flake on the 2D graphene ML. We now start with the calculation of the interaction energy E i (x,y,z), between two parallel graphene monolayers (or a bilayer) in one of two registries, namely AA and AB as described in Figs. 1(a) and 1(b), as a function of their separation z. Two parallel monolayers are parallel to the (x,y) plane. The layer binding energies are found to be weak and 19.3 meV/atom and 25.2 meV/atom, respectively. These energies are in fair agreement with previous quantum Monte Carlo calculations [48] and show that van der Waals interactions are taken into account properly [43] . In addition, we will use these calculated binding energies to reveal the effect of edge atoms.
Here we considered a specific flake for a proof of concept, which consists of 24 carbon atoms with D 6h point group symmetry. This flake is found to be stable based on ab initio molecular dynamic calculations performed at T = 1000 K. When twofold carbon atoms at its circumference were saturated by hydrogen atoms, this flake would become coronene molecule. Such a flake or pattern of flakes can be produced experimentally by electron beam lithography and oxygen plasma etching on a monolayer. Pure graphene flakes of ∼10-15Å can be produced through the annealing of graphene oxide monolayers at high temperature.
Two possible equilibrium registries of this 24-atom flake on the graphene ML, namely AA and AB, are illustrated in Figs. 1(c) and 1(d), respectively. All carbon atoms of the flake are on top of the carbon atoms of the monolayer in the AA registry. In the AB registry, while three alternating carbon atoms of each hexagon of the flake are above the centers of the adjacent three hexagons below, the remaining three are on top of the carbon atoms of the monolayer. One of these three vectors, r 1 =a y/ √ 3, r 2,3 =a x/2 ± a y/ √ 12 (a being the lattice constant of graphene, a = R 1,2 ) can translate the flake from the AA to the AB registry. The interactions of the flake with the graphene ML are calculated using supercell geometry, where one flake is placed above each (7 × 7) supercell of graphene, so that each supercell is composed of 122 C atoms. The interaction energy between the flake and monolayer, E i (x,y,z), which normally depends on the lateral position (x,y) and height of the flake z, can be cast in the form of E i (z,θ) for each registry, where θ is the angular displacement around the equilibrium and z is the separation between the flake and the monolayer.
The binding energy of the flake to the monolayer is calculated to be 1.25 eV and 1.23 eV for AA and AB registry, respectively. Note that in the above discussion the (2D) bilayer at the AB registry was more favorable energetically than the AA registry. However, for a finite size flake the size and symmetry of the flake determines which registry will be more favorable energetically. Comparing with the calculated binding energies of a bilayer having AA and AB registries given above, one concludes that the weak chemical interaction between two-folded carbon atoms at the edge of the bare flake and the monolayer contributes to the above total binding energy by 66 meV/atom and 60 meV/atom, respectively. Then, one can argue that the interaction between a flake and the graphene ML, and hence the parameters of the dynamics, is expected to be dominated by twofold coordinated bare carbon edge atoms. (e) The variation of interaction energy E i (z,θ) (in eV) having the barrier of Q R AA = 180 meV between two adjacent minima, torque τ (z,θ) (in eV/rad) and angular force constant κ(z,θ) (in eV/rad 2 ) for −π/6 < θ < π/6 at the AA registry. (f) The variation of E i (z,θ) with Q R AB = 75 meV between two adjacent minima, τ (z,θ) and κ(z,θ) for −π/6 < θ < π/6 at the AB registry. The harmonic parts of E i corresponding to small angular displacement, linear restoring torque τ , and constant κ are shown by insets for both registries.
Effect of hydrogen saturation
We next address the following question: How the interaction energy and forces can undergo changes when the bare and low coordinated atoms of the flake in Figs. 1(c) and 1(d) are saturated by 12 hydrogen atoms to form the coronene molecule? To this end, we calculated the minimum binding energy of the coronene molecule to the graphene ML. Interestingly, the equilibrium configuration changed from AA registry to AB registry by going from the bare flake to the coronene molecule. Moreover, the total binding energies are found to be 1.44 eV and 1.24 eV for AB and AA registries, respectively, which are stronger than those energies calculated for the bare flake. Such a situation was pointed out also for other molecules [49] . We explain this paradoxical situation as follows: While twofolded carbon atoms at the edge have relatively smaller chemical interaction upon saturation with hydrogen atoms, the vdW interaction of these 12 hydrogen atoms of the coronene molecule compensates the reduction of the chemical interaction to result in a slightly stronger binding for both registries. The recent work by Peymanirad et al. [9] found the same AB registry for the coronene molecule. Moreover, they calculated the energy difference between AA and AB registries as 8.3 meV/atom. This is in good agreement with the present study finding the same energy difference as 8.1 meV/atom. It is, therefore, corroborated that the binding and resulting parameters of motion of a flake can undergo changes upon saturation of edge atoms by adatoms like hydrogen or oxygen. We note that there are symmetric bare graphene flakes comprising a diverse number of carbon atoms, and also the corresponding molecules with all carbon atoms at the edges are saturated with hydrogens. Also there are experiments carried out with bare flakes.
It should be noted that the interaction between a flake and the graphene ML and resulting frequencies related with its rotational dynamics, which will be calculated in the forthcoming sections, are dependent on the size and geometry. Triangular, hexagonal flakes, or flakes with any special geometry and size could have been treated and for each flake different values of interaction energy and frequencies would be attained. However, the physics underlying the interaction between a flake and the graphene ML is unaltered. In this study, rather than considering flakes of different size and geometry and engaging large scale computations, we carried out our analysis using a specific bare flake as a proof of concept and examined the nature of interaction and revealed the underlying physics. We then investigated how to control its dynamics externally. To this end, we examined the effect of charging, applied perpendicular and lateral electric field, a small molecule attached to the flake etc. in the forthcoming sections.
IV. ROTATIONAL DYNAMICS
The variation of E i (z,θ) shown in Fig. 1(e) is calculated from the fully relaxed geometry and has its minimum at θ = 0 at the AA registry. The rotational barrier Q R AA = 180 meV. The variation of the torque τ (z,θ) = −∂E i (z,θ)/∂θ and force constant κ(z,θ) = ∂ 2 E i (z,θ)/∂ 2 θ are also plotted. For small angular displacements around the minimum of E i (z,θ), the restoring torque tends to maintain the equilibrium position of the flake at θ = 0 at the AA registry [but θ = 0.35 radians or 20.1
• at the AB registry as shown in Fig. 1(f) ]. Since the interaction energy is harmonic for small θ , κ is constant as indicated in Fig. 1(e) and hence the flake can execute a simple harmonic motion (SHM). Similar curves are obtained for AB registry in Fig. 1(f) with rotational barrier, Q R AB = 75 meV. Since the AA registry is rather symmetric, we will continue our analysis of the dynamics of the flake for this registry.
Using the moment of inertia I , the libration frequency of the bare flake is calculated as f = (1/2π ) √ κ/I = 0.83 THz (or ω = 5.24 × 10 12 rad/s) for AA registry. It is higher than usual libration frequencies of big molecules due to the increased interaction at the edges with monolayer. In the quantum limit, the libration energy corresponding to nth level excitation is E ,n = (n + 1/2)hω with the phonon energyhω = 3.4 meV. Clearly, the libration frequency of the flake is size and shape specific and anharmonic effects become crucial at high temperature. As one expects, the libration frequency at the AB registry, f = 0.40 THz, is smaller than that at the AA registry. It is noted that the interaction potential and hence the frequency of oscillation is modified depending on whether the underlying monolayer is accelerated or decelerated.
More recently, Wang et al. reported the thermally induced rotation of graphene flake on h-BN monolayer around the equilibrium registry [15] . They observed that flakes of ∼250 nm × 500 nm size can rotate by π /6 from their equilibrium for T > 100
• C. Despite the fact that the symmetric graphene flake in the present study is relatively smaller and is placed on the graphene substrate, this experiment justifies our model. Here the rotation of the flake can necessitate higher temperature, even if it may be lowered due to thermal fluctuations or quantum tunneling [50] .
A. Effect of adsorbed molecules and adatoms
The frequency of the flake can shift due to a molecule, which is anchored to it. As a proof of concept, we considered the neutral glycine C 2 H 5 NO 2 , which is chemisorbed from its nitrogen atom to the flake as shown in Fig. 2(a) . Our intention here is to demonstrate that the libration frequency decreases upon the attachment of a molecule on the flake. The coverage of the flake by foreign adatoms like H, O, Cl, F and transition metal atoms such as Ti, Mo, Co. Even if the change of weight due to the adsorbed molecule and hence resulting small normal force is not counted (in principle, it can easily be counted self-consistently by decreasing z and eventually by generating a constant normal force equal to the weight of the molecule) E i is still affected due to the absorbed molecule and possible local disturbance of electronic structure induced by the adsorbate [51] . Additionally, the moment of inertia also increases to reduce the frequency. Since the frequency shifts can be measured by precision, they can be taken as fingerprints of a molecule, which is adsorbed at well-defined locations on a specific flake. Hence, these physical effects can be utilized to develop a nanosensor.
B. Effect of charging
The libration frequency of the flake can be monitored by charging it with excess electrons as described in Fig. 2(b) , whereby part of the charge is transferred to the flake; the remaining part is distributed in the monolayer to make it metallic. Here, the excess electron density is obtained as the difference of the total densities of occupied states of the charged (c) and bare (b) flake+monolayer system, namely ρ(r) = ρ c,T (r) − ρ b,T (r). This way, the Coulomb repulsion developed between monolayer and flake [28] weakens the interaction energy and hence causes the frequency of bare flake to change. In the present study, we calculated that the frequency of the bare flake is reduced from 0.83 THz to 0.40 THz under the charging of three electrons per supercell. A polarity between the flake and the monolayer due to charge rearrangements and charge transfer between them can also be generated by the external electric field E ⊥ as shown in Fig. 2(c) . Polarization induces attractive force between the flake and SL and hence enhances the interaction between them. At the same time holes in the flake and excess electrons are generated in the monolayer as discussed in the forthcoming part. Under these circumstances, the frequency attains significant blueshifts. Note that calculated frequency shifts and electronic charge rearrangements in Fig. 2 are consistent.
C. Effect of electric and magnetic field
In contrast to the perpendicular electric field, a lateral field E can induce an electric dipole between the opposite edges of the flake. This dipole by itself is aligned with the applied lateral electric field to minimize its potential energy. Accordingly, one can rotate the flake by rotating the field; even the forced oscillations of the flake can be induced. Similar to a nanocompass, the flake of specific geometry like a piece of nanoribbon having a permanent magnetic moment [39] [40] [41] can be rotated by an external magnetic field. It should be noted that in the calculations involving charging and/or external electric field, we used a local basis set [52] to circumvent the escape of the excess charge to the vacuum region [53, 54] occurring as an artifact of the plane wave calculations within periodic boundary conditions.
Once the flake is rotated by an angle θ from its equilibrium configuration relative to the monolayer, the electronic structure of the flake+monolayer system can be modified. While normally the interaction between three folded carbon atoms in the nanoflake and monolayer is weak, it is slightly enhanced due to p z -p z bonding states formed when these carbon atoms become on top each other upon rotation [55] . This way the electrical conductivity of the flake+SL can be enhanced [17] . Even if the change in the electronic structure attained by the angular displacement can be weak owing to large z and hence weak interaction between the flake and the monolayer, it can nevertheless be enhanced by the perpendicular electric field. The electronic structure of the flake+monolayer and the flake+nanoribbon systems are calculated under the applied electric field E ⊥ and E , respectively, for θ = 0. In Fig. 3(a) , the electronic structure of the flake+graphene under E ⊥ = 0 in equilibrium can be viewed as the superposition of the bare graphene ML and the single flake with flat bands in (7 × 7) supercell showing a minute chemical interaction. The Dirac cone at the K point determines the Fermi level and indicates almost no charge transfer between flake and monolayer. In Fig. 3(b) , under E ⊥ = 1.0 eV/Å along the z direction, the transfer of 0.13 electrons from the flake results in the metallization of the monolayer with downshift of the Dirac cone. The energies of the electrons in the flake are eventually raised by ∼2 eV relative to the bands of the monolayer despite their small downshift due to the charge depletion. Flat bands of the flake just below E F are raised from lower energies and pin the Fermi level.
A lateral electric field applied to the 2D supercell of the flake+graphene monolayer causes divergences. Therefore, we consider the flake placed on a graphene armchair nanoribbon having vacuum spacing on both sides. The lateral electric field E is perpendicular to the axis of the ribbon. As seen in Fig. 3(c) , the flake+nanoribbon is normally a semiconductor of direct band gap of ∼0.4 eV. However, under E = 1.0 eV, bands are shifted and tilted, and consequently not only the nanoribbon but also the flake becomes metal as shown in Fig. 3(d) . This way perpendicular and lateral electric fields exerting concomitantly or individually can be used to tune the electronic structure of the flake+graphene system locally. If many flakes assembled on a monolayer, their electronic structure and hence their optical properties can be graded in direct space; even they can form an optical lattice through the monitoring of E ⊥ and E .
V. TRANSLATIONAL DYNAMICS
We next consider the dynamics related with the translation (or sliding) of the flake on the monolayer. As shown in Fig. 4 , the variation of the attractive interaction energy E i (x,y,z), where x and y trace the displacement of AB → AA → AB (equivalent to the displacement along r 1 + r 2 ) is calculated by optimizing z and the positions of other atoms. It is periodic and involves a small translational energy barrier, Q T = 163 meV. The lateral force variation is calculated from the expression 125413-5 F L = −∂E i /∂ , where ∂ is infinitesimal translation along r 1 or r 2 . Ideally, in the adiabatic translation of one period, the net work done by the lateral force is F L d = 0 and hence the mechanical energy is not dissipated. In reality, the mechanical energy, which is stored in the translation, AB → AA, cannot be gained back in the sudden (or nonadiabatic) translation from AA → AB, but it is dissipated. This gives rise to the stick-slip motion [18] [19] [20] [21] 25, 56] . In the course of the sudden translation between AA and AB the velocities of flake and monolayer atoms exceed the center of mass velocity sometimes by orders of magnitude [57] ; the excited local vibrations evolve into nonequilibrium phonons via anharmonic couplings [58] . In Fig. 4 the average kinetic friction force calculated asf k = AA AB F L d /|r 1 |, which can be the upper bound for the average kinetic friction force in the sliding through r 1 + r 2 . Clearly it is small enough to let us to consider lubricants made from flakes. We found that Q T can decrease even diminish to lead to frictionless sliding, if the translation of flake is combined by the rotation, whereby the energy barrier is reduced. Also combined with aforementioned results related with charging the energy dissipation has to decrease under charging but has to increase under the applied electric field perpendicular to the flake+monolayer system.
VI. CONCLUSION
In conclusion, the interaction between a graphene nanoflake and graphene ML is weak, but it can set a well defined registry and restoring force against rotational and linear displacements. This way, similar flakes can be self-assembled and can operate as an ensemble of physical pendulums. As a proof of concept, we demonstrated that external charging, changes of atomic configurations induced by rotation, externally applied perpendicular or lateral magnetic and electric fields can influence the parameters of motion of the flake in its rotational and translational dynamics on the monolayer. As a result, the libration frequency, electronic and magnetic properties, and electrical conductivity of the nanoflake or molecule are modified. The rotational and translational dynamics can also be affected by the adsorption or physisorption of adatoms or molecules. This way, the mass of the flake due to a molecule anchored on it increases, which in turn changes the dynamics. Specific adatoms can also modify the interaction energy between the nanoflake and monolayer. Additionally, the nanoflake can be functionalized by adatoms or molecules and they attain permanent magnetic dipole moments, which destroy the spin degeneracy at the Fermi level. In this respect, the nanoflake+monolayer system can be utilized as spin valves or sensors.
In the sliding of flakes, the lateral force to translate the flake is weak and oscillatory; it is dissipationless in the adiabatic sliding but normally proceeds as stick-slip motion with small friction coefficient. The energy barrier in the translation of flake can even diminish by rotating or charging it in the course of sliding. Additionally, similar flake-monolayer pairs of different materials, like h-BN, h-MoS 2 , silicene, and phosphorene etc. can display marked physical properties and initiate an original concept in the design of nanocomposite materials.
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